The ability to determine various functions of genes in an intact host will be an important advance in the postgenomic era. Intravital imaging of gene regulation and the physiological effect of the gene products can play a powerful role in this pursuit. Intravital epifluorescence microscopy has provided powerful insight into gene expression, tissue pH, tissue pO 2 , angiogenesis, blood vessel permeability, leukocyte-endothelial (L-E) interaction, molecular diffusion, convection and binding, and barriers to the delivery of molecular and cellular medicine. Multiphoton laser scanning microscopy (MPLSM) has recently been applied in vivo to overcome three drawbacks associated with traditional epifluorescence microscopy: (i) limited depth of imaging due to scattering of excitation and emission light; (ii) projection of three-dimensional structures onto a two-dimensional plane; and (iii) phototoxicity. Here, we use MPLSM for the first time to obtain high-resolution images of deep tissue lymphatic vessels and show an increased accuracy in quantifying lymphatic size. We also demonstrate the use of MPLSM to perform accurate calculations of the volume density of angiogenic vessels and discuss how this technique may be used to assess the potential of antiangiogenic treatments. Finally, high-speed MPLSM, applied for the first time in vivo, is used to compare L-E interactions in normal tissue and a rhabdomyosarcoma tumor. Our work demonstrates the potential of MPLSM to noninvasively monitor physiology and pathophysiology both at the tissue and cellular level. Future applications will include the use of MPLSM in combination with fluorescent reporters to give novel insight into the regulation and function of genes.
Introduction
Over the past 75 years, many chronic animal models have been developed to investigate physiology and pathophysiology using intravital microscopy [1] . These models overcome limitations associated with more traditional histological techniques. More specifically, they allow for the study of biological events without loss of temporal dynamics or in vivo microenvironment. Intravital epifluorescence microscopy has been used in combination with these models to measure gene expression [2] , permeability of blood vessels [3] , cell interactions [4, 5] , and cell transport [6, 7] , as well as diffusion [8] , convection [9] and binding [10] , pO 2 , and pH [11] . The information gained from these measurements is crucial to understanding molecular and cellular processes underlying physiology and pathophysiology and to the design and delivery of molecular therapy.
In the postgenomic era, many challenges remain and intravital microscopy is well tailored to address two of these in particular. First, the function and regulation of many newly described genes remains unknown [12] . Novel approaches to determining the regulation and function of these genes in vivo will be critical to understanding their role [2] . Second, the ability to alter gene expression and potentially repair mutated genes will require effective delivery of macromolecules to the target tissue [13] . This will require studying the transport of these macromolecules in blood, the lymphatic system, and the interstitial compartment of the tissue to understand and overcome the barriers that impede their delivery and efficacy. These two challenges are particularly pertinent in a solid tumor, a genetically unstable target that presents substantial obstacles to the delivery and effectiveness of macromolecular therapy, for example, gene therapy. However, three-dimensional resolution and deeper imaging depth are needed to enable high-resolution intravital imaging to reach its full potential. Confocal microscopy, used extensively in bioimaging applications, permits acquisition of three-dimensional information by eliminating out-of-focus light through the use of a pinhole. However, the energy delivered by the excitation light causes extensive photodamage to living tissues [14] , and the use of a pinhole, along with descanning and short wavelength light, limits the depth of signal detection to ¹100 ·m.
Recently, multiphoton laser scanning microscopy (MPLSM) [15] has been applied to in vivo systems [14, [16] [17] [18] [19] [20] [21] . MPLSM represents a significant improvement over traditional epifluorescence microscopy, which has the following limitations in vivo: (i) scattering of excitation and emission light limits imaging depth, leaving tissue structure and function below approximately 10-40 ·m concealed; and (ii) out-of-focus light from three-dimensional structures is projected onto a twodimensional plane, yielding surface-weighted images and measurements. MPLSM overcomes these limitations by using longer-wavelength light, which penetrates deeper into tissue. The excitation of a fluorophore using infrared light requires the simultaneous absorption of two photons [22] . Consequently, excitation in MPLSM occurs only at the focal point of the objective, giving high x-y-z spatial resolution while eliminating the need for a pinhole to block out-of-focus light, resulting in less tissue phototoxicity.
One disadvantage of conventional MPLSM is the slow imaging speed (¹1-2 frames/sec for high resolution). This is particularly problematic when studying blood flow and L-E interactions. Although a technique has been developed to measure steady blood velocity [19, 21] , imaging of more complicated short time scale phenomena in vivo has, until now, not been demonstrated. The speed at which an image can be acquired is dependent on the ability of two galvanometer-driven mirrors to move the laser across the xy plane of the image. Recently, a high-speed multiphoton laser scanning microscope has been developed [23] that replaces one of the slow galvanometer driven mirrors with a highspeed, rotating polygonal mirror allowing acquisition of up to 100 frames/sec.
The current work builds upon and extends our recently published study [21] . We applied conventional, as well as highspeed, MPLSM to study the pathophysiology of solid tumors ( Figure 1 ). First, we imaged lymphatics for the first time, which play a role in the spread of cancer to distant sites, as well as in the development of elevated interstitial fluid pressure inside tumors. Second, we imaged angiogenic blood vessels, which supply a growing tumor with oxygen, provide a pathway for the hematogenous dissemination of cancer to distant sites, and serve as a conduit for the delivery of systemic therapies. These vessels are also the target of potential antiangiogenic treatments. Finally, we used high-speed MPLSM to image the interaction of leukocytes with the endothelium (L-E interactions). L-E interactions are important in monitoring the ability of the immune system to control tumor spread and also serve as a marker of stimulated endothelium.
Materials and Methods

Intravital MPLSM
The construction of the multiphoton laser scanning microscope ( Figure 1 ) has been described previously [24] . Briefly, a femtosecond mode-locked Ti-sapphire laser (Mira 900; Coherent, Palo Alto, CA) tuned to a wavelength of 780 nm was directed into the microscope by a galvanometer-driven x-y scanner (Cambridge Technology, Watertown, MA). A GlanThomson polarizer adjusted the power of the incident laser. The laser light entered a Zeiss Axiovert 110 microscope (Zeiss, Thornwood, NY) where it deflected into the objective by a custom-made dichroic mirror (Chroma Technology, Brattleboro, VT). A Zeiss Achroplan 20£/0.5 NA/water objective and a Zeiss Achroplan 10£/0.3 NA/water objective were used. The axial position was set by a piezo-driven objective positioner, which was controlled by the data acquisition computer. The fluorescence emission was collected by the same objective, passed through the dichroic mirror and barrier filter (short pass 2 mm BG-39 Schott glass filter; CVI laser, Livermore, CA), and focused on the photomultiplier tube (PMT) for detection. Unlike many commercial systems, the emmision light was not descanned, increasing the sensitivity of detection. The detector was a single photon counting R5600-P PMT (Hamamatsu, Bridgewater, NJ). The signal was preconditioned with a low noise preamplifier and a photon discriminator (Advanced Research Instrument, Boulder, CO). The digital signal was synchronized to the x-y scanner movement by custom software in order to reconstruct a two-dimensional image that was stored on the data acquisition computer. Three-dimensional reconstructions were performed offline by stacking images using the Slicer software package (Fortner Research, Sterling, VA). Vascular volume fraction calculations were performed using the NIH Image software package (NIH, Bethesda, MD). Briefly, pixel counts in each optical section were binarized, using a threshold value of ¹10% of the maximum pixel value for the section, and pixels were counted to determine the fraction of pixels inside the vessel. Vascular volume fraction was then calculated assuming the thickness of the optical section to be the distance between consecutive sections.
High-Speed Intravital MPLSM
For high-speed multiphoton imaging, the multiphoton laser scanning microscope described in the previous paragraph was modified in two ways [23] . First, a rotating polygonal mirror (Lincoln Laser, Phoenix, AZ) was used to generate the line scan (along the x direction). The polygonal mirror has 50 facets around the perimeter and has a maximum rotation rate of 30,000 rpm. A scan line is generated at the image plane as a facet is swept across the excitation laser beam. This system has a maximum line scan rate of 25 kHz. For the slow scanning axis (along the y direction), a galvanometer-driven mirror (Cambridge Technology) was used. Second, due to the high signal photon flux in videorate imaging, single photon counting detection cannot be used. Instead, the signal is acquired by a high-sensitivity PMT (R3896, Hamamatsu). A transimpedance amplifier (C1053-51, Hamamatsu) converts the current output from the PMT to an amplified voltage signal. The voltage signal is sampled with a 12-bit AD converter (AD9220EB, Analog Device, Norwood, MA) at approximately 11 MHz and is transferred to the data acquisition computer.
Animal Models
Dorsal Skin-Fold Chamber The preparation of dorsal skin-fold chambers ( Figure 1 ) has been described previously [25] . Briefly, the back of a mouse was shaven and depilated, and two mirror-image titanium frames were mounted so as to fix the extended double layer of skin between the frames. One 15-mm-diameter layer of skin was excised leaving the striated muscle, subcutaneous tissue, and epidermis of the opposite side. The tissue was covered with a glass cover slip mounted into the frame. The surgeries were preformed in male SCID mice bred and maintained in our defined flora animal facility. Some chambers were implanted with T-241 fibrosarcoma to image tumor vasculature or BA-HAN-1C rhabdomyosarcoma to image L-E interactions. Prior to imaging, the animal was anesthetized and given either a 0.1-ml intravenous injection of 2.5% 2£10 6 MW FITC-dextran (Molecular Probes, Eugene, OR) by tail vein cannulation for vascular density measurement or a 0.05 ml intravenous injection of 0.1% rhodamine 6-G (Sigma) for L-E interaction measurement. The animal was fixed to a metal plate designed to stabilize the chamber. The FITC-dextran was excited by multiphoton absorption allowing visualization of microvasculature. Images 100-300 ·m deep were obtained in both non-tumor-and tumor-bearing dorsal windows. Tumors imaged were ¹1-2 mm thick.
Mouse Tail Model The experimental procedure used for microlymphangiography in the mouse tail has been described previously [26] . Briefly, an anesthetized female nude mouse was mounted on a metal plate designed for imaging the tail lymphatics on an inverted microscope. The tail was stabilized and a 5-·l injection of 2.5% 2£10 6 MW FITC-dextran (Molecular Probes) was given in the interstitial space at the tip of the tail using a 30-1/2-gauge needle (Figure 1 ). The FITC-dextran was taken up by lymphatics and served as a marker of functional lymphatics. Images up to 450 ·m deep were obtained. In vivo multiphoton laser scanning microscopy Padera et al. 11
Statistical Analysis Results are presented as means ± s.e.m. Two sample Student's t tests for independent samples of equal variances were performed to compare sample means. Statistical significance was based on p values smaller than 5%.
Results and Discussion
MPLSM of Lymphatics Show First High-Resolution Images of Microanatomy In Vivo
Microlymphangiography has been used to evaluate the structure and function of lymphatic vessels in the mouse tail [26] [27] [28] [29] . Under epifluorescence, the regular hexagonal mesh pattern of the collecting lymphatics is readily apparent (Figure  2A ), but much of the anatomical detail is obscured. A detailed anatomical study of collecting lymphatics has yet to be performed due to the limitations of epifluorescence microscopy. We performed microlymphangiography in the tails of nude mice with MPLSM ( Figure 2B,C,D,E) . The MPLSM images reveal morphological features not discernible using epifluorescence microscopy. The vertices of the hexagonal mesh along with some of the vessels on the sides are made up of small vessels merging together; these appear to be single vessels in epifluorescence images. As a result, measurements of lymphatic vessels in the tails of nude mice taken using MPLSM (mean diameter = 40.6 ± 1.4 ·m; n = 141 vessels from 19 animals) were smaller (p < .005) than lymphatics imaged using epifluorescence microscopy (mean diameter = 54.1 ± 2.1 ·m; n = 55 vessels from eight animals). In addition, the deeper, draining vessels, which have not been imaged previously, can also now be seen due to the inherent z resolution and increased depth of imaging of MPLSM ( Figure 2C ). Such detailed images play an important role in understanding the creation of new lymphatic vessels (lymphangiogenesis), as the 
. Images of non-tumor (A, B, C)-and tumor-bearing (D, E, F) mouse dorsal skin obtained using the dorsal skin-fold preparation. (A) Epifluorescence image of non-tumor-bearing dorsal skin shows normal vessel density and tortuosity. (B, C) MPLSM images of non-tumor-associated mouse vasculature also show normal vessel density and tortuosity but at considerably greater depth (¹200 ·m). These images illustrate the three-dimensional reconstructive capability of MPLSM. The image shown in (B) represents the view looking down into the dorsal chamber from the surface of the chamber. (The z axis in the lower left points into the page.) The image in (C) is a three-dimensional representation obtained by rotating the image in (B) as indicated by the axes in the lower left. The origin of the axes is fixed to the same corner of the cube (indicated by the red dot) in both (B) and (C) and the face of the cube indicated by the darker lines in (C) is the face closest to the reader in (B). The images were obtained using a 20£ objective and span a depth of ¹200-300 ·m. (D) Epifluorescence image of tumor grown in dorsal skin-fold chamber illustrates the increased vessel density and tortuosity characteristic of neoplastic tissue, but yields only a surface-weighted picture of the microvascular architecture. (E, F) MPLSM images of tumors grown in the dorsal skin-fold preparation illustrate the chaotic vascular network in greater detail and demonstrate that increased vessel density and tortuosity persist even at greater depths. The ability to image deeper provides a more accurate picture of the microvascular architecture and allows for more precise quantification of vessel density. As in (B) and (C), the image shown in (E) represents the view looking down into the dorsal chamber from the surface of the chamber. (Again, the z axis in the lower left points into the page.) The image in (F) is a three-dimensional representation obtained by rotating the image in (E) as indicated by the axes in the lower left. As before, the origin of the axes is fixed to the same corner of the cube (indicated by the red dot) in both (E) and (F) and the face of the cube indicated by the darker lines in (F) is the face closest to the reader in (E). The images in (E) and (F) further illustrate the utility of MPLSM for viewing spatial
relationships between anatomic structures in three dimensions. The images were obtained using a 20£ objective and span a depth of ¹200-300 ·m. All scale bars represent 100 ·m. Note that the reconstructions shown require thresholding of the data collected in order to make the tissue appear transparent. As a result, some small vessels are only partially visible or absent. These renderings are intended to illustrate the three-dimensional representations that can be obtained and were not used for calculation of vascular volume fraction.
temporal dynamics of microanatomical development can now be studied in a noninvasive manner. As growth factors with putative lymphangiogenic or antilymphangiogenic activity are discovered, MPLSM will play a crucial role in investigating their effect in vivo on the growth of new lymphatics or the inhibition of this process.
The development of new tumor models, in combination with MPLSM, presents opportunities to answer some fundamental questions of tumor biology. For instance, elevated interstitial fluid pressure in solid tumors [30] [31] [32] [33] [34] suggests the lack of a functional lymphatic system. However, the existence of functional lymphatics in tumors is still a subject of debate due to the lack of a conclusive study. With tenfold greater depth of imaging, a definitive answer to this question may begin to emerge. As another example, the details underlying the mechanism(s) of lymphatic metastasis are not well understood. MPLSM has the resolution to image single cells in lymphatic vessels ( Figure 2D ), a capability that could be enhanced by the use of reporter genes such as green fluorescent protein (GFP) [35, 36] . Insight into how lymphatic metastasis occurs may suggest new therapeutic targets for future treatments. As more is learned about the molecular differences between vascular and lymphatic endothelium, cell-specific markers will become available, allowing for the study of angiogenesis and lymphangiogenesis on the molecular level. Additionally, cell-specific markers will allow monitoring of treatments aimed at enhancing or inhibiting blood vessel and lymphatic growth.
High-Resolution Images Show Heterogeneous, Tortuous Tumor Vasculature
Images of blood vessels in non-tumor-bearing dorsal windows obtained using MPLSM technology ( Figure 3B ,C) add deeper, three-dimensional structure to the planar projections provided by epifluorescence ( Figure 3A) . These vessels exhibited normal density and tortuosity. In contrast, the vasculature of the T-241 fibrosarcoma was highly tortuous and had increased vascular density both at the surface (¹40-50 ·m) seen using epifluorescence ( Figure 3D ) and deeper (¹200 ·m) in the tumor imaged using MPLSM ( Figure 3E,F) . The images obtained using MPLSM were used to calculate vascular volume fraction. The ratio of vessel volume to tissue volume in tumor tissue ( Figure 3E,F) was 0.199 compared to 0.098 in normal tissue ( Figure 3B,C) . This quantification demonstrates the potential for performing an improved angiogenic assay using MPLSM. Such an approach may prove invaluable for studying and accurately assessing the effectiveness of various antiangiogenic agents as potential cancer treatments.
High-Speed MPLSM Allows Study of Short Time Scale Phenomena
Video-rate imaging is necessary to study physiologic phenomena occurring on time scales shorter than one second. We have used high-speed MPLSM to measure the L-E interactions in normal and tumor blood vessels as deep as 350 ·m in tissue ( Figure 4A-H interactions are increased, which, in turn, could lead to novel immunotherapies for cancer.
With the development of in vivo fluorescent reporters such as GFP [2, 4, 7, [35] [36] [37] [38] , high-speed MPLSM will permit the direct observation of various steps in metastasis. Tumor cell extravasation at the primary site, circulation, and intravasation at the metastatic site are not understood and very difficult to observe directly due to the inability to image at depth with high resolution. High-speed MPLSM will be able to capture these phenomena. As new molecular markers are developed, the power of high-speed MPLSM can be used to monitor many phases of cell response to treatment, including cell proliferation and apoptosis. In addition, although steady blood velocity has been measured with MPLSM [19, 21] , unsteady, heterogeneous, and/or reversing flow, common phenomena in tumors [39] , can also be analyzed with high-speed MPLSM.
Conclusion
We have demonstrated the utility of MPLSM to study biological events in vivo and, for the first time, described the use of highspeed MPLSM in vivo. The inherent three-dimensional resolution deep in tissue and low phototoxicity make MPLSM ideal for these applications. The ability to image at video-rate further increases the utility of this technique, expanding the range of problems that can be addressed to include phenomena that occur on short time scales. We have illustrated the use of MPLSM and high-speed MPLSM to address questions relevant to tumor biology; high-resolution imaging of functional lymphatics, tumor blood vessels, and the interaction of leukocytes with tumor endothelium. Future studies based on these techniques may finally resolve long-standing, unanswered questions about the molecular, cellular, and integrative biology of solid tumors. MPLSM will allow the deeper, often poorly vascularized and treatment-resistant parts of the tumor to be studied, which cannot be done with epifluorescence microscopy. The continued application and development of in vivo MPLSM techniques for measuring biological parameters (e.g., pO 2 , pH, ligand-receptor interactions, promoter activity), combined with fluorescent molecular markers, can determine the regulation and function of genes (see cover) and give novel insight into the recently sequenced genome.
